This study tested the hypothesis that preterm early adolescents' short-term memory is compromised when presented with increasingly complex verbal information and that associated neuroanatomical volumes would differ between preterm and term groups. Forty-nine preterm and 20 term subjects were evaluated at age 12 years with neuropsychological measures and magnetic resonance imaging (MRI). There were no differences between groups in simple short-term and working memory. Preterm subjects performed lower on learning and short-term memory tests that included increased verbal complexity. They had reduced right parietal, left temporal, and right temporal white matter volumes and greater bilateral frontal gray and right frontal white matter volumes. There was a positive association between complex working memory and the left hippocampus and frontal white matter in term subjects. While not correlated, memory scores and volumes of cortical regions known to subserve language and memory were reduced in preterm subjects. This study provides evidence of possible mechanisms for learning problems in former preterm infants. Preterm children often exhibit learning problems that may compromise school achievement.
Preterm children often exhibit learning problems that may compromise school achievement. [1] [2] [3] [4] [5] [6] A recent study reported reduced left hippocampus volume in preterm adolescents, associated with poorer performance on measures of verbal learning and recognition. 7 Using a subsample of our previously described cohort, [8] [9] [10] the current investigation sought to better understand the role of language, a demonstrated weakness in preterm children, 2, 7 in learning new verbal information (as measured by verbal short-term/working memory tasks). Differences between preterm and term early adolescents' short-term memory proficiency were evaluated using increasingly complex verbal information.
Language plays a key role in early theories of short-term and working memory. 11 Both concepts are viewed as temporary storage systems; while short-term memory briefly stores information, working memory also manipulates information. Performance on nonword repetition tasks requiring short-term memory recall has a positive association with vocabulary development in children with specific language disability and normal controls, 12-15 indicating a likely relationship between verbal learning/memory and language deficits.
The goal of the current study was to examine the association of verbal complexity with learning and short-term memory in a cohort of preterm and term early adolescents. It was hypothesized that both groups would demonstrate similar short-term recall of simple verbal information but that as information increased in length and complexity, differences would be identified. Differences in regional brain volume in areas that have been associated with memory in typically developing children-bilateral frontal, parietal, and temporal white matter; bilateral frontal gray matter; and bilateral hippocampi 7, [16] [17] [18] were compared between the 2 groups. Exploratory analyses investigating the association between regional brain volumes and verbal memory were also performed.
Methods Subjects
The current sample of 49 preterm and 20 term controls is a subset of individuals from the Multicenter Indomethacin IVH Prevention Trial. This clinical trial evaluating the efficacy of early administration of low-dose indomethacin enrolled 505 preterm infants between September 5, 1989 and August 31, 1992. All preterm subjects, enrolled following parental consent, weighed between 600 to 1250 g at birth and were admitted by 6 hours of age to Women and Infants' Hospital (Providence, Rhode Island), Maine Medical Center (Portland, Maine), and/or Yale New Haven Hospital (New Haven, Connecticut). Unlike preterm subjects, who were enrolled at 6 hours of life, term controls were enrolled at age 8 years; therefore, neonatal data are not available. Calculations at that time suggested that an imbalance in study groups would provide adequate power (a ¼ .80) to determine a significant difference in cognitive testing scores between the preterm and term study groups.
All preterm subjects enrolled in the follow-up component of the Multicenter Randomized Indomethacin Intraventricular Hemorrhage Prevention Trial NCT00033917 were recruited sequentially for the MRI study when they reached 12 years of age. These children were representative of the cohort of subjects with no evidence of neonatal brain injury from which they were selected, with respect to gender, handedness, full-scale intelligence quotient (IQ) scores, minority status, and maternal education. Twenty-two healthy term children, 12 years of age, were recruited from the local community and group-matched with the preterm group according to age, gender, and minority status. Additional details of the newborn protocol are described in previous publications.
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Procedure
The institutional review boards of the 3 participating centers approved all protocols related to the Multicenter Randomized Indomethacin IVH Prevention Trial. Informed consent was obtained from parents at the 12-year visits.
Materials
Simple short-term and working memory was assessed using the digit span subtest from the Wechsler Intelligence Scale for Children-Third Edition 19 and nonword repetition subtest from The Comprehensive Test of Phonological Processing. 20 During digit span forward, the subject repeats a dictated series of numbers verbatim, and in digit span backward, the subject repeats the numbers in reverse order. In nonword repetition, the subject repeats pronounceable nonsense words.
Short-term memory tasks of increasing language complexity were measured by 2 subsets from the Clinical Evaluation of Language Fundamentals-Third Edition. 21 With graduated information complexity, recalling sentences requires the subject to repeat them verbatim, and concepts and directions require the subject to follow multistep oral directions.
Image Acquisition
Imaging was performed on a General Electric Signa 1.5-T scanner (Fairfield, Connecticut) or, after this magnet was decommissioned, a Siemens Sonata 1.5-T scanner (Berlin, Germany). For the General Electric scanner, images were acquired with a 3-dimensional volumetric radio frequency spoiled gradient echo pulse sequence using the following parameters: repetition time, 24 milliseconds; echo time, 5 milliseconds; flip angle, 45
; number of excitations, 1; matrix size, 256 Â 192; field of view, 30 cm; slice thickness, 1.2 mm; and 124 contiguous slices. The Siemens Sonata scanner parameters were equivalent with the exception of a repetition echo time of 2.9 milliseconds and number of excitations of 2.
Volumetric Imaging Analysis
Subject scans were analyzed using volumetric image processing software BrainImage (cibsr.stanford.edu/tools) and FSL (www.fmrib.ox. ac.uk/fsl). Data preprocessing is described elsewhere. 17, 22, 23 Intrarater reliabilities for volumes described in this study were all !.95.
Statistical Analysis
Analyses were conducted with SAS 9.1 (Cary, North Carolina). 24 Demographic and neuropsychological data were analyzed using the Fisher exact test for categorical data and the Mann-Whitney test for continuous data to account for nonnormal data distribution.
General linear models were used to evaluate group differences in gray and white matter volumes. Prior to modeling, a previously described statistical method was used to convert frontal, parietal, and temporal brain volumes acquired on the Siemens scanner to ''General Electric-compatible'' data to account for scanner-specific differences in gray-white tissue segmentation. 22, 23 (Because no gray-white tissue segmentation was required for determination of hippocampal boundaries, data were covaried by scanner only.) Total brain volume, age at time of scan, and gender were included as covariates to assess regional brain volume differences between preterm and term controls. To determine whether ethnicity, verbal IQ or special education services confounded the effect of prematurity on outcomes, separate analyses were performed that included these variables as covariates. To further ensure the consistency of findings, primary analyses were rerun excluding preterm subjects with a positive history of intraventricular hemorrhage.
Exploratory analyses were performed to better understand neuroanatomical structures' association with verbal memory performance. Due to the nonnormal data distribution, Spearman rank partial correlations were used. Age at scan and total brain volume were included as partial variables. Short-term memory variables that yielded significant differences between groups were included in the analyses with regional brain volumes: bilateral frontal, parietal, and temporal white matter; bilateral frontal gray matter; and bilateral hippocampi. Correlations were performed for each subject group and the combined group. Data are presented as mean (M) + standard deviation (SD), least squares mean (LSMean) + standard error of measurement (SEM), r (Spearman correlation), and a significance level of P .05.
Results
Neonatal and demographic data for the study subjects are shown in Table 1 . No gender differences were found for neuropsychological variables or regional brain volumes, and there was no significant difference in maternal education between the 2 groups. Eleven of 49 (23%) preterm subjects were diagnosed with intraventricular hemorrhage, and study findings remained consistent when these subjects were excluded from the analyses; therefore, they remained in the preterm sample for hypotheses testing. More preterm subjects received special education services and performed significantly lower on IQ measures, although neither of these contributed to the targeted outcomes (Tables 1 and 2) .
When considering memory subtests, there were no significant differences in the digit span forward and backward or nonword repetition between the study groups ( Table 2 ). In contrast, term subjects obtained significantly higher scores on both recalling sentences and concepts and directions.
Volumetric analyses were performed to determine brain volume differences between preterm and term subjects (Table 3) . Preterm subjects had significantly larger volumes of bilateral frontal gray and right frontal white matter compared to term subjects. In addition, preterm subjects had significantly smaller regional volumes in right parietal and bilateral temporal white matter. There were no significant differences in the following regions: left frontal and parietal white and bilateral hippocampus.
Spearman rank partial correlations revealed a positive association between concepts and directions and the left hippocampus (r ¼ .54, P ¼ .02) and left frontal white matter volumes (r ¼ .46, P ¼ .05) in the term group. Analyses combining both groups revealed significant relationships between right temporal white matter and recalling sentences (r ¼ .28, P ¼ .02) and concepts and directions (r ¼ .26, P ¼ .04). There were no independent significant results for the preterm group.
Discussion
The learning problems of the prematurely born have been well described, but the specific functional learning domains and neural systems subserving these deficits are just beginning to be explored. In seeking to better understand the interrelationship of language and short-term/working memory in early adolescents born prematurely, this study demonstrated that as the complexity of novel verbal information increased, problems in short-term recall emerged. This complex verbal processing in short-term memory may later impact information's ability to move into long-term storage.
12,25 Therefore, as efficient short-term memory is necessary for long-term retention, this has broad implications for initial recall of new contextualverbal information and possibly learning. These data support long-standing research indicating that language processing may be secondary to preterm birth 2, 3 and provide greater insight into previous research that demonstrates verbal learning deficits in preterm adolescents. 7, 25, 28 Differential size in regional brain volumes between term and preterm subjects provides further support that the consequence of preterm extends beyond childhood. Frontal lobe development is a primary brain region undergoing refinement in adolescence through adulthood. Bilateral frontal lobe (gray) increases in preterm subjects relative to controls may suggest that this refinement is delayed. [25] [26] [27] Increased size of bilateral frontal gray matter may also lead to compensatory overrefinement of other regions, such as the bilateral temporal and right parietal lobe white matter volumes, which were significantly smaller in preterm subjects. This leads to the question of whether significantly differing volumes (in tandem larger and smaller) highlight a continued challenge in differentiating language-and nonverbal-specific pathways in preterm children. Although our exploratory analyses between memory performance and structural brain volumes demonstrated significant findings for the term subjects, they were not independently significant for the preterm group. Structure function correlates are difficult to elucidate, likely due to the complexity of cognitive function. Studies from other investigators have shown promising associations in preterm adolescents with voxel-based morphometry and functional MRI. 7, 23, 30, 31 The lack of association in the preterm group may also suggest an alternate functional network, 30 as other researchers have found. For example, while term preadolescents are utilizing networks involving left frontal white matter and hippocampus, preterm children may call upon right hemisphere resources in their attempt to retain meaningful strings and complex verbal information into short-term memory. 30, 31 Thus, performance deficits at increased levels of complexity in preterm children may reflect neural inefficiency associated with alternative neural circuits.
A major limitation of the study was the sample size, which likely decreased the power of study findings. Although the regions we examined in our correlational analysis are known to subserve language and memory systems, the specific structure function relationships examined here may involve other aspects of neurobiological status such as microstructural or neurofunctional changes.
Considering the current results in conjunction with previous findings, a logical next step is to expand on learning and language as interrelated constructs that involve overlapping neuroanatomical regions. Functional MRI, diffusion tensor imaging, magnetic resonance spectroscopy, and/or voxelbased morphometry data provide a means to study possible changes and enhance current understanding of the associations between neurodevelopment and language and memory outcome in prematurely born adolescents. Structural connectivity methods, used in tandem with functional connectivity, may provide a means to model the course of short-term memory and verbal processing efficiency as well as the likely intersections in their developing networks. This will not only contribute to existing knowledge regarding the developmental trajectory of short-term and working memory but will also further elucidate the mediating effect of language. 7, [28] [29] [30] [31] conception and design, interpretation of data, and article revision. KHK contributed to analysis and interpretation of data and article revision. BV contributed to acqusition of data, analysis and interpretation, and article revision. KS contributed to conception, acquisition of data, and article revision. SK and AR contributed to analysis and interpretation of data and article revision. LM contributed to conception and design, analysis and interpretation of data, and article revision. All authors contributed to article revision and approval.
